Four-terminal structures are fabricated by focused-ion-beam (FIB) scanning on an AlGaAs/ InGaAs/GaAs modulation doped structure. The large carrier density of this system results in small depletion spreading and a 260-nm-square four-terminal structure is successfully formed. The bend resistance of this structure indicates that ballistic coupling between two facing terminals remains up to room temperature. Thermal broadening of electron energy enhances the ballistic nature of the system at high temperature.
It is interesting to study transport characteristics of mesoscopic systems at high temperature and/or high applied bias regimes. Quantized conductance of a ballistic point contact has been observed up to 30 K.',' However, many interesting mesoscopic phenomena, including quantized conductance, disappear when subband energy levels are not resolved by thermal broadening. This is because they are related to low-dimensional subbands formed in a small structure. On the other hand, some ballistic features, such as a negative bend resistance, are independent of the subband effect3-5 and they remain provided the ballistic mean-free path is larger than or comparable to the structure size. In conventional AlGaAs-GaAs mesoscopic structures, this ballistic feature has been observed up to 100 K?P6
Although the mobility of an AlGaAs/InGaAs/GaAs modulation doped structure is small at low temperatures, room temperature mobility is higher than that of a conventional AlGaAs/GaAs modulation doped structure. Furthermore, it is possible to increase two-dimensional electron gas (2DEG) density up to 10" cm-' in an AlGaAs/InGaAs/GaAs system. This high carrier density allows us to decrease depletion spreading and to make a small structure with multiple terminals. High carrier density also increases Fermi energy and enhances electron mean-free path.
We fabricated small four-terminal structures on an AlGaAs/InGaAs/GaAs wafer by Ga focused-ion-beam (FIB) scanning and subsequent annealing.7 A negative peak in bend resistance versus magnetic field curve is clearly observed up to room temperature. The variation of the negative peak amplitude as a function of temperature is discussed in connection with the ballistic mean-free path in this letter.
The starting wafer had the following structure from the top: GaAs (20 nm)/Alc,GaeTAs(Si:
4X lo'* cmh3, 30 nm)/.&@&,&S( 10 nm)Ano.Gao.& ( 12 nm)/ GaAs ( 300 nm) /GaAs (semi-insulating substrate). Mobility (EL) of the 2DEG was constant below 35 K at 6.5 X lo4 cm2 v s. It decreased above 70 K and became 7.8X lo3 cm2/v s at 290 K. Carrier density of the 2DEG(n) was 9 X 10" cmB2 at 1.5 K and 11 X 10" cm-' at 290 K. It was almost constant and independent of temperature when measured in the dark. Four-terminal structures were fabricated by scanning GaFIB (beam diameter of -80 nm) on the mesa-etched structure. Four straight insulated lines were formed leaving a small space at the center as shown in the inset of Fig. 1 . The separation between FIB scanned lines ( L) was varied from 150 to 790 nm. The distance between two terminals facing each other was approximately equal to L. Subsequent annealing.was carried out at 760 "C for 15 s and Au/Ge/Ni ohmic electrodes were formed to each 2DEG region labeled 14. The transport characteristics of the fabricated structures were measured at various temperatures using a lock-in technique. They were all measured in the dark. The opening of the four terminals was confirmed with a structure of L&260 nm. Depletion region spreading; estimated from the twoterminal resistance versus L curve, was about 200 nm including implanted linewidth. Therefore, each terminal had
Magnetic field B (T) a width of about FV,=60 nm for the structure of L=260 nm ( Fig. 1 ).
Bend resistance RBend= R 12,43 = V4s/1t2 was measured as a function of magnetic field at various temperatures. The results obtained for the L=260-nm structure are shown in Fig. 1 . A negative resistance peak arising from the ballistic component is observed at B=O T. At low temperature ( T < 20 K), fine structures appear in the negative peak. These originate from a specific trajectory effect arising form asymmetry of the system or from an interference effects' in the small square. The striking feature is that the negative peak is clearly seen even at 290 K. This indicates that some electrons travel ballistically through the structure at room temperature. The bend resistance was also measured for the large structures with La390 nm. A negative peak in bend resistance is clear at 1.5 K; however, fine structures do not appear for these structures. Although the negative peak has a small amplitude and is hidden in the background variation, a trace of the negative peak can be seen up to 260 K even for the structure with L==790 nm. It is noteworthy that the background variation as a function of magnetic field of AlGaAs/InGaAs/GaAs system is smaller than that of a conventional AlGaAs/GaAs system especially at high temperatures. This feature is also important for a clear observation of the negative peak up to room temperature. The well established two-dimensional nature of electrons in the InGaAs well sandwiched by AlGaAs and GaAs barriers probably contributes to an almost flat background at high temperatures.
Hall resistance RHall=R13,24= V&I,, was also measured at various temperatures. four-terminal structure with rounded corners, the quenching and "last plateau" are expected in Hall resistance versus magnetic field curve. 'JO The quenching of Hall resistance around B=O T and "last plateau" around B= f 2 T are clearly seen up to 100 K in Fig. 2 . These features indicate a dominant role of ballistic transport for the structure with L =260 nm at T < 100 K. The nonlinearity of Hall resistance remains even at 290 K as shown in Fig. 2 and the derivative shows a trace of the quenching and the "last plateau." This corresponds to the existence of ballistic electrons even at room temperature. In addition, the average slope of the curve of RHall versus magnetic field gives a carrier density nz5x IO" cmm2 for the structure with L-260 nm and nz9X 10" cm-* for L=790 nm. The amplitude of the negative peak in the RBend versus magnetic field curve is plotted as a function of temperature in Fig. 3 (a) . The negative peak in bend resistance observed for a ballistic four-terminal structure is well explained in terms of the Landauer-Btittiker formula.5P11 In this analysis, the amplitude of a negative peak (AR,) is given by AR, a R, exp ( -L/I), where 1 is a ballistic length and R, is a terminal resistance.5 In the ballistic case (I> W,), R,=h/ 2e2N, (N,: number of subband in the terminal) is propor-tional to $z. On the other hand, R, is probably proportional to n in the classical diffusive case (I < Wt).12 When the thermal broadening of electron energy is important, the average conductivity is given by (T(EF,T) =
(1) using zero-temperature conductivity u( E,O) and FermiDirac distribution function f .ll cr is given by a=e2p D, where p=m/s-h2 is the density of states and D=$% is the diffusion constant. Therefore,
is obtained from Eq.
( 1) when 7 (scattering time) is independent of energy. This assumption is reasonable, because IL= (e/m)7 of the AlGaAs/InGaAs/GaAs system is almost constant when carrier density is changed by illumination. Furthermore, carrier density n=ps; f dE is indeoendent of temnerature in the oresent exneriment. so v (E,,T) =2an@/m2 is constant and the average meanfree path iis given by i= dm~= &%(fi/e>r*.. This is the same expression as that used at low temperature. The change of y as a function of temperature determines ivariation. The almost constant carrier density n results in constant R, as a function of temperature because of Rta fi (or n) . Therefore, the negative peak amplitude is proportional to exp( -L/i). These curves are shown as broken lines in Fig. 3 (a) and compared with experimental results. The experimental data below 20 K are distorted by the existence of fine structures. Therefore, experimental data are fitted to the calculation at 35, 70, and 100 K. It is clear that experimental curves show less reduction in AR, as compared with the exp( -L/T) curve.
This discrepancy probably arises from the fact that electrons with I> ? provide a larger contribution to negative peaks than those with I=f. This point is approximately argued by directly applying the averaging formula ( 1) to the expression for AR,, i.e.,
GW
Jam @exp( ---I;-) (-g) dE.
Here, I= vr and we assume R, cc & a @. The temperature dependence of AR, calculated from this equation is shown as solid lines in Fig. 3(a) . Although experimentally observed AR, is still larger than the calculated value for L=790 nm at high temperatures, the solid lines almost follow the experimental results. For the structure with L= 790 nm, W,-, 600 nm is larger than 7 at high temperatures and R, a n a E instead of R, a 6 cc @. This may introduce a further enhancement of the calculated value as compared with the solid line in Fig. 3 (a) . In any case, these results mean that electrons with larger energy than the average value due to thermal broadening effect have longer free path than 7 and contribute to increasing the negative peak amplitude in bend resistance at high temperatures. In this experiment all measurements were carried out under the thermal equilibrium condition and energy broadening ( -kT/2) from the average value is still smaller than the longitudinal optical phonon energy. Under this situation the high energy electrons distributed in the thermal broadening probably enhance the ballistic nature of the system, without being screened by the phonon scattering effect.
The full width at half-maximum (FWHM) of the negative peak is also plotted in Fig. 3(b) . As discussed previously, the average energy of electrons E = imv2(EF,T) =rm.fi2/m is independent of temperature when carrier density is kept constant. The FWHM of a negative peak is roughly calculated from AB = ,/m/(Le> for the ballistic four-terminal structure5 and the broken lines in Fig. 3 (b) show the obtained values. The experimental results agree with these values at low temperature T<70 K; however, the half-width increases with temperature at T > 100 K. Although it is difficult to quantitatively discuss FWHM for the condition of i< L, a large FWHM at high temperatures again suggests that electrons having larger energy than B contribute to negative peak formation.
In summary, we measure transport characteristics of an AlGaAs/InGaAs/GaAs four-terminal structure, which is more suitable than a conventional AIGaAs/GaAs structure for measuring ballistic characteristics at high temperatures. A negative peak in bend resistance versus magnetic field curve is clearly seen up to room temperature for the structure with L=260 run. The temperature dependence of the negative peak amplitude suggests that the thermal broadening of electron energy effectively enhances the ballistic nature of the system.
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